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Highlights:  10 
• 3 cm gap height reduction resulted in 6 times faster flame spread rate 11 
• Changing the inert plate with PV modules did not increase the flame spread rate 12 
• Increased gap height can reduce the fire risk associated with PV modules on roofs  13 
Abstract: 14 
The horizontal flame spread underneath a photovoltaic (PV) module (or a plate) was studied for 15 
various gap heights to understand the fundamental fire dynamics between it and a flat roof 16 
construction. In a number of experiments, an opaque black polymethyl methacrylate (PMMA) 17 
and a black stainless-steel plate were used as surrogate fuel and module, respectively. Additional 18 
experiments were conducted with actual PV modules to analyse the reproducibility of the 19 
surrogate results and to study the potential effect of the small fuel contribution from the PV 20 
modules. PMMA samples (70 cm long) of varying widths (20 cm, 30 cm and 40 cm) were 21 
ignited at one end, and flame spread rate, mass loss, radiative heat flux and temperatures were 22 
recorded. For the 30 cm wide samples, a reduction in gap height from 20 cm to 17 cm resulted in 23 
a significant increase in the flame spread rate (from 0.37 mm/s to 2.41 mm/s). A similar critical 24 
gap height (transition into a much faster flame spread rate) was identified for all widths. Thus, 25 
introducing gap height requirements into PV installation standards could offer an inexpensive 26 
and elegant design that could reduce the fire risk associated with PV modules on flat roofs 27 
significantly. 28 
Keywords: Flame spread, heat transfer, photovoltaic (PV) installations, fire growth 29 
1. Introduction 30 
Photovoltaic (PV) power generation has increased by a factor of about 40 in the last decade. 31 
[1][2]. This growth is both driven by the pursuit towards fossil free energy sources and the 32 
development of economically sustainable PV systems [3][4] that can be installed in various 33 
scales; from domestic household-installations to state-owned solar farms. An increasingly 34 
common application of PV system is the utilisation of extensive flat roof construction found on 35 
warehouses. 36 
However, the installation of a PV system on flat roof constructions introduces an increased 37 
probability of ignition [5][6][7]. In addition, it also alters the existing roof construction, and 38 
thereby the fire dynamics upon ignition. The recent dispute between Walmart and Tesla highlight 39 
the severity of the potential hazard, as Walmart have requested Tesla to remove PV installations 40 
from more the 240 of their stores, since seven of the installations had caught fire in the last 7 41 




or potentially unsafe [9], which affirmed the significant probability of ignition related to such 43 
installations.  44 
If ignition occurs, the physical presence of the PV system changes the fire dynamics by forming 45 
a gap between the backside of the PV modules and the otherwise open roof construction [10]. 46 
This highlights the limitations in tests methods related to flame spread on roof constructions such 47 
as North American UL 790 or the European EN1187 which does not account for this change in 48 
fire dynamics. These standard test methods are designed to ensure that compliant roof covering 49 
materials are unable to facilitate the spread of fire. However, fire incidents involving PV 50 
installations on warehouse roofs resulting in considerable damage [5][11][12], such as the ASKO 51 
fire in Norway (2018, $23M loss) [13] or the Californian Walmart fires in Indio (2018, 3 injured, 52 
$1M loss) [14] and Milpitas (2016) [15] raise concerns on the validity of these tests in such 53 
scenarios. Hence, roofing materials compliant with the aforementioned standards may be 54 
undermined when the boundary conditions are modified and understanding of the altered fire 55 
dynamic scenario is of relevance. Previous studies have revealed that the deflection of the flames 56 
on the underside of the PV module from an initial fire on the roof is one of the main fire related 57 
hazards related to photovoltaic installations [10]. This is because the deflected flame cause a 58 
more rapid pre-heating of the solid ahead of the flame front, whereupon facilitating the 59 
propagation of the initial fire away from its origin to the edge of the installation [16].  60 
Even though the mechanisms that drive flame spread are known, the majority of current research 61 
focus on large scale experiments, such as the experiments carried out by Backstrom and various 62 
co-authors for UL [17]–[25], Kristensen and Jomaas [16], or the series of large-scale 63 
experiments planned by Sipe for NFPA [26].  Through these experiments, flame spread is 64 
studied for a specific system with set characteristics, such as roofing material, geometry, 65 
mounting system and PV module. As each component introduce a myriad of unknown fire 66 
related parameters – the methods adopted in these experiments are reduced to simple pass/fail-67 
test which cannot be substantiated with a fundamental understanding of the flame spread 68 
mechanisms. Such tests do not provide a clear understanding on how the individual components 69 
affect the fire dynamic system and thereby, unable to contribute to the overall understanding of 70 
the installation’s complex fire behaviour.  Furthermore, the influence of the PV modules both as 71 
a physical object and a fire load, is unknown. Therefore, it is essential to understand horizontal 72 
flame spread in gaps and quantify the effect of geometry and material properties.  73 
Other variables to consider include the gap height and inclination angles of PV installations with 74 
respect to the roof. To optimise the energy production, PV systems are often installed at an 75 
inclined angle. On flat roof constructions, this inclination aided by the mounting system is set at 76 
an optimal angle based on the geographic location. Upon ignition, this mounting system could 77 
also contribute to increased fire load depending on material selection [16], while the geometry of 78 
the PV module can cause deflection of the flames from the initial fire [10]. As the angle of 79 
inclination varies across different installations, a fundamental analysis of flame spread below a 80 
horizontal panel is essential before introducing the influence of inclinations. This is supported by 81 
previous research which revealed that the smallest gap distance is expected to be most critical 82 
from a fire safety point of view due to increased heat flux [10], [27]. Thus, the current 83 
experiments are configured to form an understanding on how a non-combustible panel affect the 84 
initial stages of flame spread and subsequently compare these results to the influence of a PV 85 




The introduction of the panel, regardless of its combustibility, generates a range of  changes to 87 
the simplified heat transfer model defined by Quintiere for horizontal flame spread (Fig. 1a  and 88 
Eq. (1) [28], where ρ, c#, d and T&' are the density [kg m,]⁄ , specific heat [J (kg ∙ K)]⁄ , thickness 89 
[𝑚] and ignition temperature [𝐾] of the thin fuel, 	𝑇8 and T(𝑥) are the initial temperature [𝐾] and 90 
temperature [𝐾]  of the control volume. q̇<==(x) is the heat flux [𝑊 𝑚@⁄ ] towards the control 91 
volume. v# and x#	are the flame front velocity [𝑚 𝑠⁄ ] and location [𝑚] of the pyrolysis zone 92 
front, and σ and TD are the Stefan-Boltzmann constant [𝑊 (𝑚@ ∙ 𝐾E)⁄ ] and the ambient 93 
temperature [𝐾].  94 
These changes are caused by the heat feedback from the smoke layer, the hot panel and the 95 
deflected flame and will contribute to an increased heat flux towards the pre-heating (xh) and 96 
pyrolysis (xp) zones (Figs. 1a-c). Furthermore, the combustible backside of the PV module might 97 
also act as an additional fuel (Fig. 1d).  98 
ρc#dv#GT&' − TIJ = L [q̇<==(x) − σ(TE(𝑥) − TDE )]dx
D
MN
 (1)  
Although quantifying the different types of heat transfer mechanisms are important for the 99 
understanding of the fire dynamics scenario, an attempt to do so will result in a heavily 100 
instrumented experimental set-up that would influence the results and analysis. Thus, the 101 
experiments herein aim to compare the heat flux required to achieve the absorbed flame spread 102 
rate, q̇OPQ= , with the net radiative heat flux absorbed by the control volume, q̇RST=  - equivalent to 103 
the left and right side of Eq. (1), respectively. As one directional flame spread is assumed for the 104 
set-up, the corresponding heat flux will be represented by q̇′. It is acknowledged that a more 105 
quantitative analysis could be of scientific interest, but the authors have decided to limit the level 106 









Fig. 1. Schematic of heat flux gains towards the heated control volume indicated as the pre-
heating zone (𝑥V) in front of the pyrolysis zone (𝑥W), as a function of gap height (𝐻Y),	flame 
height (𝐿\) and combustible content of the panel. (a) No panel – natural flame spread, q̇<==(𝑥)	- 
heat flux from flame. (b) Non-combustible panel, 	𝐻] > 𝐿\, heat flux from panel, q̇W==(𝑥), and 
accumulated smoke, q̇_==(𝑥). (c) Non-combustible panel,	𝐻@ < 𝐿\, deflection of flame causing 
increased heat flux from flame. (d) PV module with combustible backside membrane resulting 




2. Experimental Method 108 
Experiments were carried out both with and without PV modules. The experiments without 109 
modules were used as baseline tests to determine the steady flame spread rate (FSR), which 110 
could be used as a reference FSR for comparison with experiments with different gap heights. As 111 
the fire related properties varies for both roofing membranes (bitumen, TPO-, PVC- or EPDM-112 
based materials) and PV modules, the experiments were carried out with generic surrogate 113 
materials to decouple the effects of the different material properties from the fire dynamics of the 114 
system. The roofing membrane was substituted with 2 mm opaque black polymethyl 115 
methacrylate (PMMA), assumed to be thermally thin, which is a well-studied reference material 116 
for flame spread rate experiments [29] [30]. Likewise, the majority of the experiments were 117 
conducted with a 3 mm thick stainless-steel plate, which was mechanically supported to prevent 118 
deflection when heated. As the PMMA was black and the stainless-steel was painted with black 119 
high absorbance and high heat resistant paint, the surfaces were assumed to be blackbodies.  120 
As the backside of a PV module consist of a combustible plastic film, five experiments were 121 
conducted with modules produced by two manufacturers. These experiments were compared to 122 
the similar experiment conducted with the stainless-steel panel. The PV modules and the 123 
stainless-steel panel had similar dimensions, i.e. a length of 1.7 m and a width of 1.0 m.   124 
 
Fig. 2. Top view of the experimental set-up. All dimensions in mm. 
2.1 Dimensions, installation and ignition of the PMMA samples  125 
The PMMA was laser cut into samples of 70 cm in length of different widths (20 cm, 30 cm and 126 
40 cm) as shown in table 1. The sample width was varied as the flame emissivity, according to 127 




sample [29], [31], [32]. Hence, the radiative fraction became more dominant when the sample 129 
width was increased, which according to Jiang et al. [29], leads to an increased FSR, when they 130 
studied PMMA samples with widths between 5 and 10 cm. It is of interest to study the relation 131 
between sample width and critical gap height, as the critical height might stagnate.  132 
The gap heights in the experimental matrix (table 1) were not based on any recommendations, as 133 
the study aims to obtain a fundamental understanding of the horizontal gap, and thus, not to give 134 
any recommendations related to actual PV installations. Understanding the influence of the gap 135 
height is crucial for understanding the complex system and cannot stand alone as a single way to 136 
obtain a safe roof construction.    137 
The samples were installed on a 22 mm thick calcium silicate base plate with a thermal 138 
conductivity of 0.06 W/(m K) at 20℃. Eight shielded thermocouples, 14-gauge type-k, were 139 
installed through holes along the centreline of the base plate, with a distance of 5 cm between the 140 
thermocouple tips which were protruding 1 mm above the base plate. A blowtorch was used to 141 
heat the thermocouple tips before a PMMA sample was installed on the base plate. The heated 142 
thermocouple tips were imbedded in the PMMA as it cooled down. As the temperature 143 
distribution was assumed uniform through the depth of the thin fuel, the surface temperature 144 
could be determined from the thermocouple tips embedded into the fuel. As PMMA had the 145 
propensity to deflect due to localized heating, all samples were laser cut into two pieces to ensure 146 
a manageable installation process of the PMMA sample and ensure good contact between the 147 
thermocouples and the sample. A zigzag cut was used across the centre of the length to ensure 148 
proper alignment of the two sections.  149 
Ceramic paper with a thickness of 2 mm and a width of 20 mm was placed along the edges of the 150 
sample to prevent flame spread along the edges. The paper strip at the left end of the sample 151 
(Fig. 2) was soaked in 5 g of methanol for each 10 cm of sample width. Therefore, a consistent 152 
ignition method was used and the initial flame spreads linearly along the sample. 153 
Table 1.  Number of experiments conducted for different sample widths and gap heights. 154 
Numbers in parenthesis are experiments conducted with PV modules. 155 
2.2 Measurements 156 
The base plate was installed on a laboratory jack, to vary the gap distance. An Ohaus laboratory 157 
scale with a precision of 0.1 g formed the base of the whole set-up. A camcorder (Panasonic HC-158 
V770 HD, 25fps) was installed at a distance of 105 cm from the centre point of the PMMA 159 
sample. The recordings were analysed in MATLAB by monitoring the flame front location along 160 
the centreline of the sample with a binary conversion of one frame per second. 161 
The radiative heat flux was measured by a Schmidt-Boelter heat flux gauge (Hukseflux SBG01-162 
020), installed through a ø50 mm laser-cut hole at a distance of 550 mm from the ignition line. 163 
The heat flux gauge (HFG) was protected by a quartz disc flushed with the sample to protect the 164 
sensor from direct flame impingement and dripping. The location of the HFG enabled 165 
measurement of the radiative heat flux incident on the pre-heated zone as the flame front 166 
approaches and also the heat flux within the pyrolysis zone as the flame front travelled across it. 167 
  Gap height 








 20 cm 1 2 3 1 1 - 4 
30 cm 1 7 + (2) 6 + (1) 6 + (2) 2 - 4 




A quartz disc of a significant larger diameter than the heat flux gauge was used to provide 168 
sufficient buffer around the gauge as the outer ring of the quartz disc had a tendency to become 169 
translucent due to condensation of the hot pyrolysis products on the cold surface of the quartz 170 
disc. Three thermocouples, similar to ones embedded in the PMMA, were installed above the 171 
HFG to measure the gas temperature. The thermocouples were installed through a hole in the 172 
stainless-steel plate at a distance of 2 cm, 4 cm and 7 cm from the panel.  173 
3.  Results 174 
As the ignition method for all experiments were carried out identically, the initial phases of the 175 
experiments were very similar. The left edge of the PMMA sample was heated by the burning 176 
methanol, whereupon the pyrolysis gases ignited, and a self-sustained flame front was 177 
established (Fig. 3 a). As the flame front travelled onto the virgin PMMA, the pyrolysis zone 178 
became gradually larger. For experiments above a certain critical height, a constant pyrolysis 179 
zone length and thus, a steady, constant flame spread rate was achieved.  180 
Reduction of the gap height caused a growing heat feedback from the above horizontal panel, 181 
which gave rise to the enhanced pyrolysis-zone length and increased flame height (Fig. 3 b). This 182 
causes a loop effect of increased heat production and feedback to the pre-heating zone. When the 183 
a) 300 s after ignition e) 1260 s after ignition 
b) 600 s after ignition f) 1320 s after ignition 
c) 900 s after ignition g) 1380 s after ignition 
d) 1200 s after ignition h) 1440 s after ignition 
Fig. 3. Fire development along the 70 cm PMMA plate for experiments with a gap height of 15 
cm and a sample width of 30 cm. Note that the time interval changes from 300 seconds to 60 




growing phase loop lead to a flame height which exceeded the gap height, the flame was 184 
deflected below the panel (Fig. 3 d). Thus, the heat towards the pre-heating zone grew 185 
significantly [10], whereupon the flame spread transitioned to a phase with significantly faster 186 
flame spread rate. The difference between the two phases is apparent in Fig. 3,  where the 187 
approximate distance travelled by the flame front 1200 seconds after ignition (Fig. 3 d) is equal 188 
to the distance travelled from the 1260 to the 1320 second (Figs. 3 e-f).      189 
3.1 Flame spread rate 190 
The baseline tests (no panel) showed a clear trend, where the flame spread rates were 191 
proportional with the sample width (Fig. 4 a).  192 
 
Fig. 4. Location of flame front as a function of time from ignition at various gap heights. 
For all experiments, the flame spread rates were similar along the first 10 cm of the PMMA 193 
sample. Whereas the visual difference between the three sample widths for the baseline 194 
experiments was limited, the presence of the stainless-steel panel (Fig. 4 b) demonstrated a 195 
significant difference. The increased pre-heating zone for larger widths resulted in an enhanced 196 
heat feedback and, thus, flame spread rate. Although the flames spread rate remained constant 197 
when the stainless-steel panel was introduced above the PMMA, the overall flame spread rate 198 




The critical gap height was defined for the cases where the presence of the panel causes a 200 
significant change in the flame spread rate during the experiments. Such a change of the flame 201 
spread rate was very apparent for the 40 cm sample when the gap height was reduced to 20 cm 202 
(Fig. 4 c). The constant flame spread rate during the initial 1000 s of the experiment was 203 
succeeded by a gradual increase as the heat feedback loop was slowly enhanced. Approximately 204 
2000 s after ignition, a sudden increase of the flame spread rate occurred as the flame height 205 
exceeded the gap height and deflected below the non-combustible panel. Similarly, the dramatic 206 
transition occurred for the 30 cm sample when the gap height was reduced to 17 cm, where the 207 
final flame spread rate for all experiments are significantly faster than any of the experiments 208 
conducted with a gap distance of 20 cm or higher. 209 
In general, the experiments had a good reproducibility. However, the varying onset of the fast 210 
flame spread does highlight that factors such as localized flows and minor inclinations of the 211 
PMMA could lead to minor variations in the results. Still, these minor uncertainties did not 212 
influence the qualitative results or the conclusions.  213 
The results of the experiments conducted with PV modules (Figs. 4 d-e) did not exhibit 214 
considerable differences from the experiments with the stainless-steel plate. However, it was 215 
observed that burning droplets of molten plastic dripped from the backside of one PV module 216 
model (Fig. 5) though it did not affect the overall flame spread rate. This caused localised 217 
heating and ignited plastic materials next to the experimental setup which could increase the area 218 
of the fire in a larger domain such as that found on warehouses.      219 
3.2 Mass loss rate 220 
In support of the flame spread results, the normalised mass loss rate (MLR) also indicated a 221 
steady flame spread rate for the baseline experiments (Fig. 6 a). The average mass loss rate, 222 
calculated according to BS ISO 5660-1 [33], was normalised with respect to the sample width 223 
facilitating comparison across widths. Subsequently, the average, normalised MLR was 224 
calculated across similar baseline experiments to compare the normalised MLR as a function of 225 
the flame fronts location.   226 
For the baseline experiments in general, the widest sample width corresponds to the highest 227 
normalised MLR. Whereas the normalised MLR for the first 100 mm of all experiments might be 228 
affected by pre-heating from the ignition source, the following part of the plots are made up by a 229 
normalised MLR increase, possibly followed by a stable level, and a reduction around 550 mm. 230 
The stable normalised MLR observed for the baseline tests with a sample width of 20 cm (Fig. 6 231 
 
Fig. 5. Experiment conducted with PV module at a gap height of 17 cm. Flame front moving 
from left to right. The highlighted flames were molten plastic that continued to burn after 




a), indicate an equilibrium of the heat feedback loop, and the reduction of the normalised MLR is 232 
caused by the presence of the heat flux gauge in the centre of the sample. For the baseline tests, a 233 
stable normalised MLR is only achieved by the sample width of 20 cm, as the enhancement of 234 
the heat feedback loop is so sparse, that the stable levels for the sample widths of 30 cm and 40 235 
cm are reached before the flame front reach the end of the sample. The introduction of the inert 236 
panel give rise to a more powerful heat feedback loop, which is further enhanced with reduction 237 
of the gap height. Thus, a faster increase of the normalised MLR (Fig. 6 b).  238 
 
 
 Fig. 6. Average mass loss rate normalised with respect to sample width, as a function of 
flame front location. a) Baseline experiments with different sample widths. b) Sample width 
of 30 cm with panel of stainless-steel and various gap heights.    
3.3 Analysis and discussion 239 
To quantify the effect of the above horizontal panel, the average flame spread rate (FSR) for 240 
each five centimetres were compared to the average flame spread rate for the corresponding 241 
baseline experiments. As the overall flame spread rates were constant in the baseline experiments 242 
(Fig. 4 a), an average FSR for the centre 60 cm were calculated (FSR avg. in Table 2) and used 243 
for the comparison to avoid fluctuations caused by localised changes of the baseline FSR. 244 
For all other experiments, the FSR were calculated for each 5 cm as the average speed of the 245 
flame front between two points 10 cm apart. The method resulted in an overview of the FSR 246 
trends, rather than a FSR with local fluctuations. As such, the average flame spread rate across 247 
similar experiments could be compared to the FSR for the baseline experiments in Fig. 7.   248 
The comparison of the relative flame spread rates (Fig. 7) demonstrates the significant effect of a 249 
gap height reduction of a few centimetres, which is particularly apparent when the gap is reduced 250 
from 20 cm to 17 cm for the sample width of 30 cm (Fig. 7 b). For the experiments where there 251 
is a transition from a slow to a faster flame spread rate, the reduction of the gap height causes 252 
two significant changes. i) a reduced time, thus distance, to the onset towards the fast flame 253 
spread, and ii) a faster increase of the relative flame spread rate. Both changes are caused by an 254 

















enhanced heat loop, which induce an increased heat feedback and thus, a longer pyrolysis zone 255 
and heat release rate.  256 
The relative flame spread rate for the experiments conducted with PV modules (Fig. 7 d) are 257 
consistently somewhat lower than in similar experiments conducted with the inert stainless-steel 258 
panel (Fig. 7 b). This can be explained by the fact that the thermal inertia of the PV module 259 
(glass, plastic, metal) is assumed to be lower than that of stainless-steel. Thus, both the heating 260 
rate of the plate and heat loss to the surroundings will be larger for the stainless-steel plate than 261 
for the PV module. Furthermore, the absorbance and emissivity of the black surface stainless-262 
steel plate are higher than the corresponding values of the white plastic membrane on the 263 
backside of the PV modules. Hence, the thermal properties of the stainless-steel plate might 264 
result in an enhanced heat feedback loop, which can explain the slightly lower flame spread rate 265 
in the experiments conducted with the PV modules. However, it is important to emphasize that 266 
this substitution only leads to small quantitative differences and no qualitative differences. As 267 
such, there is a critical gap height also for PV modules, though slightly different from the case-268 
specific values reported herein. 269 
 
a)  20 cm wide PMMA – Stainless-steel 
 
b) 30 cm wide PMMA – Stainless-steel 
 
c) 40 cm wide PMMA – Stainless-steel d) 30 cm wide PMMA – PV module 
Fig. 7. Relative flame spread rate compared to the baseline flame spread rate (Table 2), as a 
function of gap heights and location of the flame front. Note that the ranges in the y- and z-




For the experiments conducted with a gap height of 15 cm to the PV module, a slight reduction 270 
corresponding to 0.24 mm/s is noticed after the flame front has reached 45 cm. The reduction is 271 
expected to be within experimental errors.    272 
Contrary to commercially available roofing membranes, the burning PMMA samples produced a 273 
self-sustained fire, which permits a slow growth phase over a relatively long distance before 274 
switching to the faster and more severe flame spread rate. This is not the case for commercially 275 
available roofing membranes, where the presence of flame retarders will make this process 276 
irrelevant, as the flame will be quenched if the initial growth is too slow. It is therefore more 277 
likely, that similar experiments conducted with roofing membranes will result in either 278 
immediately rapid flame spread, or no flame spread at all. In such case, a critical gap height will 279 
be more evident and, to a greater extent, rely on the initial fire size. For this reason, it would be 280 
of interest to understand the extent of the potential ignition sources to define of the range of 281 
initial fire sizes the roof construction and PV system would be designed to withstand.  282 
For all experiments, the heat flux in the pre-heating zone (xc), q̇′RST, was calculated at the 283 
location of the heat flux gauge according to the right side of Eqn. (1). As the location of the 284 
flame front is known as a function of time, the temperature of the PMMA and heat flux can be 285 
determined as a function of distance to the flame front, and this has been visualised in Fig. 8. The 286 
corresponding calculation of the left side of Eqn. (1) is conducted with a PMMA density, 287 
specific heat and ignition temperature of ρ = 1.19	g/cm,, c# = 1420	J/(kg	K) and T&' =288 
278	°C, as well as an ambient and initial PMMA temperature of  TD = 	TI = 25	°C. 289 
The result of the baseline tests (Table 2), indicate a correlation between the horizontal FSR and 290 
the heat flux absorbed when the flame front approaches. Consistent with the study by Jian et al. 291 
[29], the flame spread rate, hence q̇′OPQ, is proportional to the sample width, which also 292 
corresponds to the raw data in Fig. 4. A similar trend is evident for the gained heat flux at the 293 
location of the heat flux gauge, q̇′RST, and there is no significant difference between the two heat 294 
fluxes for the sample width of 30 cm and 40 cm. For the baseline tests with a sample width of 20 295 
 
Fig. 8 Measured heat flux and temperature plotted together with the corresponding reradiation 
and gained heat flux at the location of the heat flux gauge. From baseline experiment with a 





cm, the deviation might be a consequence of the general low heat flux from the flame being 296 
outside the calibration range of used the heat flux gauge. 297 
For the baseline tests with a sample width of 20 cm, the deviation might be a consequence of the 298 
general low heat flux from the flame being outside the calibration range of used the heat flux 299 
gauge. As the overall error across the three sample widths is limited, the assumed relation 300 
between the simplified model and experimental set-up is still fair. On this basis, it is confirmed 301 
that the instrumentation is sufficient for determining the variables in the simple heat transfer 302 
model introduced in Eq. (1). 303 
The proportionality between ?̇?′pqr and  ?̇?′stu is repeated, when the panel is installed above the 304 
PMMA (Figs. 4 a-b), but the difference between the two heat fluxes reveal a trend, where ?̇?′pqr 305 
becomes relatively larger than ?̇?′stu when the gap distance is reduced (Fig. 4 c). The opposite 306 
trend is noticed, when the gap height is larger than the critical gap height. As the heat transfer 307 
model only account for the net radiative heat transfer, the trend could be caused by either 308 
convective heat transfer or reduced transparency of the quartz disc. 309 
 
Fig. 9. Plot of heat flux at the location of the heat flux gauge. a) heat flux based on FSR, b) 
heat flux based on measured heat flux and reradiation, and c) ratio between the two methods. 
Contrary to what is the case in the baseline experiments (no panel), the stainless-steel plate, or 310 
the PV module, obstructs the forced air flow produced by the extraction hood. When the gap 311 
distance is high and the total heat release rate is low, the forced air flow might cause an increased 312 
convective heat loss from the pre-heating zone – reducing the influence from radiative heat. 313 
However, this effect is suppressed when the gap height is reduced, whereas the combined 314 
measured heat flux, ?̇?′stu, is smaller than ?̇?′pqr. Although the gap temperature does increase as 315 
the fire changes from the growing to the accelerating phase, the raw data in Fig. 9 reveal that the 316 
rapid gas temperature increase 8 cm above the heat flux gauge corresponds well with the arrival 317 
Table 2. Average flame spread rate (FSR avg.), heat fluxes based on respectively the left, 
q̇′OPQ, and right, q̇′RST, side of  Eq. (1), and the ratio between them. 
 Sample width  20 cm 30 cm 40 cm 
FSR avg. [𝐦𝐦 𝐬]⁄  0.102 0.127 0.152 
?̇?′𝐅𝐒𝐑	[𝐖 𝐦]⁄  87 107 130 
?̇?′𝐍𝐄𝐓	[𝐖 𝐦]⁄  71 117 122 





of the flame front. Consequently, the convective heat transfer towards the pre-heating zone ahead 318 
of the flame front is limited and it is expected that a temporary reduced transmissivity of the 319 
quartz disc causes the increased ratio between ?̇?′stu and ?̇?′pqr. As the measured heat flux 320 
increase gradually when the quartz disc is engulfed in flames, the debris is burned away.    321 
 
Fig. 10. Sample width: 30 cm. Gap height: 15 cm. Plot of flame front location, heat flux, 
temperature 5 cm in front of the HFG, and gap temperature at three heights above the HFG. 
Notice, that the arrival of the flame front at 700 mm is not the end of the experiment, as seen 
in the visual overview of the same experiment (Fig. 3 f-h) 
4. Conclusions 322 
Based on the experiments where flame spread in horizontal gaps of various heights was studied, 323 
there is a critical gap distance for which the constant low flame spread rate exhibited at gap 324 
heights above this critical value accelerates to a rapid flame spread rate for gap heights below 325 
this critical value.  This occurs for gap heights below the critical value as the initial flame height 326 
at the start of ignition steadily grows until it exceeds the gap height. The flame is then deflected 327 
below the panel, which cause a significant increase of the combined heat flux towards the pre-328 
heating zone. Thus, a rapid acceleration of the flame front occurs with up to 48 times faster 329 
flame spread rate compared to the baseline experiments. The transition from a low constant 330 
flame spread rate to an accelerated rapid flame spread rate occurs with a minute difference in gap 331 
heights (2-3 cm) which highlights the importance of gap heights in PV installations. The width of 332 
the sample, which determines the size of the initial fire did affect the critical gap height, as the 333 
critical gap height reduced when the sample width increased. Therefore, understanding of the 334 
system, with its potential source of ignition and resultant fire size, would be relevant for future 335 
studies.    336 
The baseline experiments were found to be consistent with a simple heat transfer model based on 337 
radiative heat transfer, which are dominant in flame spread on horizontal thin fuels. However, for 338 
low gap heights between the non-combustible panel and the PMMA, the total heat flux towards 339 
the control volume was consistently lower than the heat flux required to maintain the measured 340 
flame spread rate. The difference could be caused by: i) a reduced transparency of the quartz disc 341 
protecting the heat flux gauge caused by condensation. ii) non-measurable increased convective 342 
heat flux, as the small gap distance resembles an enclosure, or iii) a combination of i) and ii). 343 
Future studies should aim to prevent conductive heat transfer from the heat flux gauge to the 344 




The experiments showed no enhanced flame spread caused by the combustible components of 346 
the PV modules when compared to similar experiments conducted with a surrogate non-347 
combustible black stainless-steel plate. These findings correspond to earlier results with used and 348 
new PV modules [10], where it was reported that the increase in measured heat fluxes was due to 349 
the re-radiation from the  PV module,  rather than the slightly higher fuel load associated with 350 
new modules versus burned/used panels.   351 
The presence of a critical gap height above which flame spread damage could be minimised 352 
provides an opportunity for it to be used as an effective mitigation measure. This could be an 353 
attractive solution if the PV installation is retrofitted on an existing roof construction where the 354 
insulation materials are unknown and costly to be refurbished by which a roof fire entails a 355 
significant risk. Although this has to be co-ordinated with other design considerations such as 356 
wind loads that seek to decrease the gap heights, optimising PV installation design with a 357 
consideration of critical gap height for fire spread could lead to a more holistic design.  358 
It is to be noted that the critical gap heights reported herein are case specific and should therefore 359 
not be used directly for recommendations in installation standards. 360 
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Figure captions 448 
Fig. 1. Schematic of heat flux gains towards the heated control volume indicated as the pre-449 
heating zone (𝑥ℎ) in front of the pyrolysis zone (𝑥𝑝), as a function of gap height (𝐻𝑛),	flame 450 
height (𝐿𝑓) and combustible content of the panel. (a) No panel – natural flame spread, qf′′(𝑥)	- 451 
heat flux from flame. (b) Non-combustible panel, 	𝐻1 > 𝐿𝑓, heat flux from panel, q𝑝′′(𝑥), and 452 
accumulated smoke, q𝑔′′(𝑥). (c) Non-combustible panel,	𝐻2 < 𝐿𝑓, deflection of flame causing 453 
increased heat flux from flame. (d) PV module with combustible backside membrane resulting in 454 
the heat flux q𝑃𝑉′′. ....................................................................................................................... 11 455 
Fig. 2. Top view of the experimental set-up. All dimensions in mm. .......................................... 12 456 
Fig. 3. Fire development along the 70 cm PMMA plate for experiments with a gap height of 15 457 
cm and a sample width of 30 cm. Note that the time interval changes from 300 seconds to 60 458 
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Fig. 4. Location of flame front as a function of time from ignition at various gap heights. ......... 15 460 
Fig. 5. Experiment conducted with PV module at a gap height of 17 cm. Flame front moving 461 
from left to right. The highlighted flames were molten plastic that continued to burn after 462 
dripping from the backside of the PV module. ............................................................................. 16 463 
Fig. 6. Average mass loss rate normalised with respect to sample width, as a function of flame 464 
front location. a) Baseline experiments with different sample widths. b) Sample width of 30 cm 465 
with panel of stainless-steel and various gap heights. .................................................................. 17 466 
Fig. 7. Relative flame spread rate compared to the baseline flame spread rate (Table 2), as a 467 
function of gap heights and location of the flame front. Note that the ranges in the y- and z-axis 468 
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Fig. 8 Measured heat flux and temperature plotted together with the corresponding reradiation 470 
and gained heat flux at the location of the heat flux gauge. From baseline experiment with a 471 
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Fig. 9. Plot of heat flux at the location of the heat flux gauge. a) heat flux based on FSR, b) heat 473 
flux based on measured heat flux and reradiation, and c) ratio between the two methods. ......... 20 474 
Fig. 10. Sample width: 30 cm. Gap height: 15 cm. Plot of flame front location, heat flux, 475 
temperature 5 cm in front of the HFG, and gap temperature at three heights above the HFG. 476 
Notice, that the arrival of the flame front at 700 mm is not the end of the experiment, as seen in 477 
the visual overview of the same experiment (Fig. 3 f-h) .............................................................. 21 478 
Table captions 479 
Table 1.  Number of experiments conducted for different sample widths and gap heights. 480 




Table 2. Average flame spread rate (FSR avg.), flame spread rate (FSR) when flame front had 482 
reached 50 cm,  heat fluxes based on respectively the left, q̇′OPQ, and right, q̇′RST,  side of  Eq. 483 
(1), and the ratio between them. .................................................................................................... 19 484 
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